12
trees exhibiting damage, percent overstorey dieback, percent crown cover (> 2 m height), and live basal 13 area of conifers. 14 The resulting first three principal component axes were used as response variables in a model 15 selection procedure to determine the fraction of variation in stand structure, health, and reproduction that 16 is explained with position on the landscape and age of the stand. Landscape position variables including 17 elevation, slope, and aspect were derived from a 10-meter digital elevation model (DEM) and averaged 18 over the 1-ha study plot (ca. 100 points from each plot). Aspect was transformed into a moisture index 19 ranging from 0 (southwest aspect) to 1 (northeast aspect) to eliminate inaccuracies from averaging aspect 20 values that straddle 0 degrees (Roberts and Cooper, 1989) . All possible combinations of predictive 21 variables were tested for each response variable and the model with the highest adjusted r 2 − which down 22 weights models with many variables with little explanatory power − was selected (Quinn and Keough, 23
2002). Residuals were examined for violation of normality and equality of variance assumptions. 24
Study plots associated with primary principal component groupings were statistically analyzed 1 with t-tests to determine if they differed in slope, aspect, elevation, live basal area of mature (overstorey) 2 aspen, dead basal area of mature aspen, percent dead basal area of mature aspen, stem density of mature 3 aspen, overstorey height, basal area of sapling (mid-storey) aspen, stem density of saplings, density of 4 suckers in classes one and two, percent damage, percent overstorey dieback, age, and basal area of mature 5 conifers. Tests for equality of variance among the two groups were performed; when variances were 6 equal, a pooled-variance t-test was used; where variances were not equal, the Satterthwaite approximation 7 was used (Sokal and Rohlf, 1995) . A contingency table analysis (Fisher's Exact test) was used to 8 determine if there was an association between principal component groupings and intensity of browsing 9 due to the categorical nature of this variable. All differences were considered significant at p < 0.05. 10 11
Results 12 13

Cedar Mountain and the region 14 15
The ecological setting of our study site is similar to that of aspen in southern Utah as determined 16 by land cover classification from Southwest Regional GAP analysis (Lowry et al., 2007 ) and 10-m DEM. 17
Mean elevation of aspen pixels on the Cedar Mountain study site was 2,710 m; for the region, mean 18 elevation was 2,720 m. Variation about the mean was somewhat higher in the region than on the study 19 site (169 vs.107 s.d.). Identical slopes of 22.6% were observed on the study site and the region; these 20 means also had similar variation. Finally, mean site moisture index values obtained from a 21 transformation of aspect were 0.534 for Cedar Mountain and 0.540 for the region. Although standard 22 deviation in the moisture index was high (0.340) for both the study site and region, ca. 30% of the study 23 plots had moisture index values between 0.9 and 1.0 indicating some preference for north-facing aspects 24 by aspen communities. 25
According to GAP data, aspen were the dominate vegetation type, accounting for ca. 63% of the 1 27,200 ha study area. The vast majority of these sites were classified as aspen (stable); aspen-conifer 2 (seral) communities accounted for only 2% of the landscape. Conifer communities, mostly spruce-fir, 3 occupied ca. 5.5% of the landscape; 1% of the landscape is classified as ponderosa pine (Pinus 4 ponderosa). Sagebrush shrublands (Artemisia spp.) and Gambel oak woodlands (Quercus gambelii) 5 occupied nearly 20% of the landscape while grasslands were less common, occupying ca. 6%. 6 7 8
Characteristics of aspen stands on Cedar Mountain 9
Of the 83 plots sampled, 59 (71%) had 100% of mature BA in aspen; an additional 11(13%) plots 11 were greater than 80% aspen (Fig. 1) . One plot had no mature trees and only aspen regeneration. Thus, 12 based on our sample, the aspen community in our study area is comprised of 84% stable stands. Of the 13 remaining 16% − logically, the seral community − mean aspen composition of the BA was 39 %. Sub-14 alpine fir (Abies lasiocarpa) and Douglas-fir (Pseudotsuga menziesii) were the next most common tree 15 species found. Other species detected in the study plots include white fir (Abies concolor), Utah juniper 16 (Juniperus osteosperma), Engelmann spruce (Picea engelmannii), limber pine (Pinus flexilis), and 17
Gambel oak. 18
Stand ages are based on average age of the overstorey component (ramets Regeneration throughout the study area is quite limited; several plots had no individuals in the 3 understorey (Fig. 2 ). Those stands with only an overstorey layer represent 18% of our plots. The number 4 of distinct layers at the stand-level amounted to 70% of plots having two or fewer layers, including 5 overstorey, in the stand. Only a single plot displayed four distinct layers. The number of trees in the 6 subcanopy (saplings) ranged from 0 to 238 ha -1 , but averaged only 32 (+ 50 s.d.). Greater than 50% of the 7 plots had no subcanopy trees. Suckers between 0.3 and 1.3 m in height were absent from 20 of the 8 sample plots while larger suckers, greater than 1.3 m in height, but less than 2.5 cm dbh were absent from 9 41 of the plots. Mean sucker density in class one was 2,760 (+ 3,700 s.d.) ha -1 , ranging as high as 26,400; 10 density in sucker class two was 600 (+ 1,220 s.d.) ha -1 , ranging as high as 9,040. 11
On average, 26.1 % (+ 23.8 s.d.) of the BA per plot was in standing dead trees; percent dead BA 12 ranged from 0 to 94.0% (Fig. 3) . Mean plot-level crown dieback for mature aspen was 12.1 % (+ 11. 
Principal component analyses 22 23
The first three principal component axes explained 55% of the total variation in the data set (28%, 24 15%, and 12% for axes 1 through 3, respectively). Eigenvectors suggest the first axis largely describes 25 the condition of the stand with high loadings for BA and stem density of adults, canopy cover, canopy 1 dieback, and percent of total adult BA that was dead (Table 1 ). The sign (+ or -) of the loadings indicates 2 a contrast between positive and negative aspects of stand condition. The second axis is heavily weighted 3 with variables that describe regeneration (BA and stem density of saplings, and suckers in class two). 4
The third principal component axis is more difficult to interpret with many variables receiving moderate 5 loadings; the highest loading was in percent of trees damaged at the study plots. Principal component 6 analysis identified two distinct groups separating along axis 2 when plotted vs. axis 1and axis 3; no other 7 clear groupings existed in the first three axes (Fig. 4) . 8
Model selection suggests landscape position and stand age explain only a small proportion of the 9 variation in stand structure, health, and reproduction (Table 2 ). For the first principal component axis, the 10 top model selected contained elevation, slope, and aspect; these variables explained 15% of the total 11 variation on this axis. In examining the sign (+ or −) of the parameter estimate and the sign of variable 12 loadings on the first axis, there is a slight trend for stands in the best conditionhigh BA and stem 13 density, low canopy dieback and percent dead BA (Table 2 )to be located in the high elevation regions 14 of the study site where slopes are shallow and aspect would be expected to have little influence. For the 15 second principal component axis, no model was found with a statistically significant explanation based on 16 landscape position; age was the best predictor, but it was also not significant. For the third principal 17 component axis, elevation was the only statistically significant predictor, but its ecological significance is 18 doubtful as it only explains 6% of the variation. ). These differences were 24 statistically significant and these groupings differed only marginally in two other variables; canopy height 25 (Table 3 ) and browsing damage class (p = 0.052). Canopy height values, which were measured on only 1 two trees per plot and estimated for the rest, were similar enough (ca. 2 m) to cast doubt on the ecological 2 significance of this difference. Browsing damage, however, appeared to be a possible indicator of 3 regeneration. Of the 17 plots in the 'regeneration' category, only one was classified as having intense 4 browsing and ca. 65% of those plots had minimal browsing; all but one of the plots categorized as having 5 intense browsing were in the non-regenerating group. Twenty plots (42%) in the non-reproductive group, 6 however, were classified as having minimal browsing. 
Landscape and Regional Context
1
Our study is limited to inference on stable aspen landscapes in the Colorado Plateau region. We 2 quantify aspen stability in a two step process. First, of the landscape classified as aspen or aspen-conifer 3 using Southwest Regional GAP, 95% of Cedar Mountain and 79% of the region is considered aspen. 4
Second, stand assessments at our 83 study plots indicate that 84% of the landscape is stable aspen (> 80% 5 of total live BA aspen). Few studies have directly quantified aspen stability on large landscapes with 6 systematic methods (but see Smith and Smith, 2005). Many however, consider a healthy aspen stand in 7 the western US to have very few non-aspen trees in the canopy (Mueggler, 1989; Campbell and Bartos, 8 2001). The stability of our landscape arises from our study design and choice of study area; we sought to 9 quantify condition of a stable aspen landscape, and chose a high elevation plateau where that criterion 10 would be met. 11
Landscape position and stand age played little role in describing variation in measured variables 12 among study plots. The variation in the first principal component, which largely summarizes stocking 13 and condition, was partly (ca. 15%) explained by landscape position suggesting best condition at higher 14 elevation on moderate slopes. The relationship with landscape position is not surprising as it suggests 15 aspen performs best on sites with lower abiotic stress (i.e., less evapotranspiration based on our 16 assessment of site moisture index), a finding consistent with aspen being largely intolerant of water stress 17 slopes. In most cases, fine-scale processes such as soil texture, soil depth, or subsurface topography play 1 a greater role in moisture delivery to aspen individuals at the stand or watershed scale. In the current 2 study, a narrow range of variation in elevation and slope likely contributes to the lack of explanatory 3 power. Landscape position is likely a better predictor of aspen presence at larger spatial scales (Sexton et 4 al., 2006). However, stand-level die-offs within the study area suggest factors that have not been fully 5 identified may be responsible for condition. We hypothesize these may include unidentified diseases, 6 aspen bark beetles (Trypophloeus populi; Petty, 1977), changes in community structure (more woody 7 species biomass) with significant biomass reductions and/or species changes in the understory, and 8 differences in late summer water availability to stands due to stand-scale differences in ecohydrology 9 (LaMalfa and Ryel, 2008). Ecologists and foresters need to explore additional variables to predict aspen 10 condition at local and regional scales. (Mueggler, 1989; Rogers, 2002) . Age is commonly implicated in aspen decline; 2 stand deterioration may accelerate as ramets approach 120 years (Mueggler, 1989) . Though stand ages 3 averaged 87 years here, this variable did not explain the variation we found in our primary clusters 4 describing conditions on Cedar Mountain. Nonetheless, the possibility remains of age-related accelerated 5 decline on Cedar Mountain in the next one to two decades. This type of decline in mature trees may be 6 exacerbated with the onset of significant drought in the region (Worrall et al., 2008) . 7
Levels of damage to mature aspen stems in our study area appear to be lower than those of other 8 regional studies with comparable methods (Rogers, 2002; Keyes et al., 2007) . However, aspen dieback in 9 mature crowns were at slightly higher rates than those found in hardwoods as a whole in a state-level 10 assessment of tree crowns for Utah (Keyes et al., 2001). We found less than 5% of sampled plots 11 exhibited severe dieback (90-100% dead) ; however, 19 % of surveyed stands exhibited mean dieback of 12 > 20%. Dieback, however, could not be consistently correlated with tree damage levels, stand mortality, -1 (based on a 10 cm DBH minimum). Substantial variation in stem density among stands is 2 expected since overstorey tree density in aspen is influenced by interacting processes that promote 3 regeneration (i.e., apical dominance, disturbance history) and mortality (Mueggler, 1985) . Basal area is a 4 better indicator of stocking, but not necessarily of stand condition or decline since site physical conditions 5 and stand genetics can also influence basal area (Schier and Campbell, 1980) . In summary, aspen on 6
Cedar Mountain have basal area generally comparable to other stable aspen sites, but with lower stems 7 per hectare, indicating a landscape where many stands consist of relatively sparse and large overstorey 8 trees as compared to other locales. expressions at the landscape scale, we focused our analysis on quantitative regeneration tallies. We 22 observe separation of plots along principal component axis two into a group that largely lacks 23 reproduction and another, smaller group, with considerable reproduction. Plots within these groupings, 24 however, do not differ in structure, age, landscape position, or health (stem/crown damage and tree 25 mortality); nor are they clustered on the landscape. We conclude that regular recruitment is largely absent 1 from a major portion of the landscape. 2
We took a multidimensional approach to quantifying aspen reproduction by including sucker 3 density in two size classes, subcanopy individual density, and basal area of subcanopy individuals. In 4 doing so, we could assess reproduction, which can vary from a continuous to episodic process (Kurzel et 5 al. 2007 ). For example, only considering sucker density may miss a subcanopy layer that more accurately 6 represents a true recruitment layer (Strand et al., 2009) . Here, we observe all our reproductive variables 7 to be significantly greater in the 'reproductive' plots compared to the 'non-reproductive' plots. 8
Determining if this reproduction is sufficient to regenerate the canopy following mortality is difficult. 9
Clearly, the sub-canopy density of individuals in both reproductive and non-reproductive categories is 10 considerably below the density of canopy individuals; canopy regeneration will not be possible without a 11 substantial fraction of the suckers recruiting into larger size classes. Sucker density, however, may be 12 satisfactory, especially in the 'reproductive' plots. Mueggler (1989) considers sucker density between ca. 13 1,300 and 2,500 ha -1 to be adequate; by this criterion, combining our sucker classes appears sufficient to 14 regenerate stands. In contrast, Schier and Campbell (1980) have increased what already appears to be a prevalent impact. Moreover, attribution of reproductive 15 failure to browsing is complicated by the many plots that had no suckers; browsing could not be assessed 16 on those plots and they were eliminated from our analysis. It is possible that browsing has eliminated 17 reproduction from those plots, but we could not observe it. Therefore, browsing effects remain a viable 18 explanation on Cedar Mountain as nearly the entire study area is under private control and has been, and 19 continues to be, used by sheep from mid-summer to fall. Similarly, wild ungulates likely contribute 20 further to the overall browse of aspen regeneration, but separating wild from domestic browsing effects 21 was not possible using the current landscape methodology. 22
We cannot, however, dismiss the possibility of endogenous differences among study plots since (Schier, 1974) and mechanistic traits at the ramet level (e.g., initial stem 1 growth, number of leaves, and water use; Kanaga et al., 2008) . Ongoing investigations at this large-scale 2 study site are planned to further scrutinize both genetic and browsing issues. 
Conclusions and Implications 6 7
We examined a large aspen-dominated landscape using the general metric of 'sudden aspen 8 decline' (Worrall et al., 2008) . This phenomenon is characterized by rapid die-off of mature overstorey 9 in aspen coupled with an absence, or unsustainable level, of regeneration. While few stands measured 10 here on the Colorado Plateau in Utah have experienced stand-wide mortality, a majority of these stable 11 aspen forests appear to have limited regeneration. Thus, while not meeting the criteria of a 'sudden aspen 12 decline' on the landscape, there is cause for concern where much of an aging cohort does not appear to 13 possess enough recruits to regenerate the stand. Further, our initial assessment of stand structure and While we did not expressly examine temporal change -our focus was on the current outlook of the 23 landscape -there are implications of historic and current practices dramatically effecting stable aspen 24 types as they do in more commonly studied seral forests. It should be clear from this and other works 25 (Kashian et al., 2007; Zier and Baker, 2006) , though, that all aspen forests are not the same and, thus, 1 should not be managed as one type. We selectively chose a study site thought to be comprised 2 predominately of stable aspen. This functional type is characterized by a lack of large disturbance and a 3 need for continuous regeneration. Where that pattern is impaired by human actions, future stable aspen 4 types may be at risk of landscape-or regional-scale mortality. and percent of aspen basal area that is dead to be moderate. Greater than 50% of the sample 17 plots had less than 20% dead aspen basal area. 
